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Hydration (A)In this paper, cement combinations based on calcium sulfoaluminate cement (CSAC) were developed and the
effect of ﬂy ash and the hemihydrate form of calcium sulfate on the properties of the systems was studied. Fly
ash (FA), anhydrite (ANH), ﬂue-gas desulfurization gypsum (FGDG) and plaster gypsum (PL) were used to
develop appropriate CSAC/calcium sulfate and CSAC/calcium sulfate/addition systems, the hydration of which
was studied. Tested properties of cements were the compressive strength and the setting times. The results sug-
gest that the use ofﬂy ash in the presence of anhydrite accelerates the formation of a strong ettringite-richmatrix
that ﬁrmly accommodated unreacted ﬂy ash particles, both synergistically contributing to a dense microstruc-
ture. At a given sulfate content, the use of anhydrite was shown to be favourable in terms of the setting times,
heat patterns and strength development compared to the hemihydrate-based formulations.
© 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY license.1. Introduction
The blending of by-products and additions with Portland cement
(PC) is a well established approach to reducing the CO2 emissions asso-
ciated with the energy-intensive manufacture of cement. Currently
3.3 billion tonnes of PC is globally manufactured every year and it is
estimated that the embodied CO2 (eCO2) for PC production is approxi-
mately 930 kg of CO2 per tonne of PC produced [1,2]. An alternative
way to reduce the eCO2 of concrete is through the use of non-PC based
systems as the binding ingredient. Calcium sulfoaluminate cements
(CSAC), which have a lower eCO2 than PC, have been developed and
used in China on an industrial scale since the 1970s [3]. The primary
rawmaterials are limestone, bauxite (or an aluminous clay) and gypsum,
although by-products such as ﬂy ash may be also used [4]. The prepara-
tion of clinker is achieved by burning the raw materials at tempera-
tures in the range 1300–1350 °C in rotary kilns. This is 100–150 °C
lower than PC production and thus the energy input requirement is
lower. Manufacturing process is similar to that of PC although the
resulting clinker has better grindability [5], leading to additional savings
of 15–30 kWh with respect to energy consumption [6]. By consideringite; L, Gehlenite; Q, Quartz; S,
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. Open access under CC BY license.the eCO2 emissions of individual cement compounds as given in [7], it
can be estimated that the eCO2 of a typical pure CSAC, consisting of
ye'elimite, belite and aluminoferrite, is approximately 600kg/t. This rep-
resents a reduction in eCO2 of approximately 35% when compared to PC.
The primary hydration product of CSAC is ettringite (3CaO.Al2O3.
3CaSO4.32H2O) which forms at early ages (less than 48 h) as prismatic
needles. Ettringite forms in the presence of sufﬁcient calcium sulfate
(gypsum or anhydrite) which can be either blended with the ye'elimite-
rich clinker or added in the rawmeal intergrinding process. The optimum
amount of calcium sulfate for dominant formation of ettringite depends
on several parameters i.e. the ye'elimite content, the calcium sulfate con-
tent and their respective molar ratios [8]. If there is deﬁciency in calcium
sulfate, then there is a tendency for monosulfoaluminate to form;where-
as an excess of calcium sulfate may lead to unstable expanding systems.
Other products of the hydration of CSAC are mainly aluminate hydrates
and calcium silicate hydrates. Unreacted ye'elimite is also typically
present. Strengths of CSAC-based cements may reach over 40 MPa
at 24 h [9] and they have been reported to exhibit very good resis-
tance to aggressive environments, particularly to sulfate environ-
ments [10,11]. This is because aluminate-based phases are bound
as sulfoaluminates at early stages of hydration and these are not
available for reaction with external sulfate agents to form expansive
ettringite.
The work reported in this paper aims to investigate the inﬂuence of
two main aspects revolving around the optimization of hydration and
performance of CSAC-based cement systems. The ﬁrst is the form of cal-
cium sulfate incorporated in the system recognising that the hemihy-
drate form is more readily available than anhydrite. The second aspect
covered the development of a ternary system through the use of a low
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between performance and eCO2.
1.1. The calcium sulfate source
There is a considerable experimental activity on CSAC that has been
focusing on the use of anhydrite as the calcium sulfate source in the
CSAC system. Extensive work throughout the last decades is encapsulat-
ed in review articles [12,13]. Indeed, consensus indicates that anhydrous
calcium sulfate is the predominant and preferable calcium sulfate source
within the system. The use of other forms of calcium sulfate, particularly
hemihydrate, however, is not fully documented so as to offer justiﬁca-
tions of any cost-based, environmental-based or performance-based ad-
vantages associated with anhydrite preference in CSAC. Moreover, such
lack of available data does not provide a clear indication of the inﬂuence
of the hemihydrate of calcium sulfate on the hydration of CSAC. A more
detailed look is therefore required at this type of calcium sulfate.
The intrinsic properties of both hemihydrate calcium sulfate and
anhydrite are compared and established [14,15]. Setting times of
the hemihydrate are known to be considerably short due to its high
solubility (typically in the range of 7–9g/l) and its reactivity, as opposed
to that of anhydrite (approximately 2.5–3.0g/l) [16]. Eqs. 1 and 2 suggest
that during the reaction of both calcium sulfate forms with ye'elimite,
the quantities of ettringite and Al(OH)3 formed are comparable. The
only parameter that varies is the amount of water needed for complete
phase formation.
Ye'elemite+anhydrite:
4CaO:3Al2O3:SO3 þ2 CaO:SO3ð Þ þ38H2O
→6CaO:Al2O3:3SO3:32H2Oþ 2 Al2O3:3H2Oð Þ
607 272 648
1255 257
ð1Þ
Ye'elemite+hemihydrate:
4CaO:3Al2O3:SO3 þ2 CaO:SO3:0:5H2Oð Þ þ37 H2O
→6CaO:Al2O3:3SO3:32H2Oþ 2 Al2O3:3H2Oð Þ:
607 290 666
1255 257
ð2Þ
Based on the available literature and data, it is therefore necessary to
distinguish the beneﬁcial characteristics offered by each formof calcium
sulfate when incorporated in a CSAC system.
1.2. The use of ﬂy ash in CSAC/calcium sulfate system
Although the eCO2 associated with the use of an optimized CSAC/
calcium sulfate systemmay be lower than that of PC, potentially greater
savings may be achieved based on the development of ternary CSAC-
based systems with maintained performance properties.
By-products from coal combustion plants are associatedwith almost
zero eCO2, whilst they may provide microstructural and mechanical
advantages to cementitious systems when incorporated at optimum
percentages. One advantage is the pozzolanic reaction. The use of lowTable 1
Materials used in the experimental.
Material Abbreviation P
(
Calcium sulfoaluminate cement CSAC 2
Fly ash, category N to BS EN 450-1:2012 [18] FA 2
Calcium sulfate: ﬂue gas desulfurization gypsum FGDG 2
Calcium sulfate: gypsum plaster PL 2
Calcium sulfate: anhydrite ANH 2eCO2 pozzolanic by-products – particularly ﬂy ash – in the CSAC sys-
tem, may instigate reaction with Ca(OH)2 yielding from belite hydra-
tion in CSAC thus providing additional C–S–H gel. Previous studies on
compressive strengths of CSAC/ﬂy ash blends suggest a slight decrease
in strengths when ﬂy ash contents are higher than 10% [17]. However,
there is still limited understanding and lack of data on the hydration
mechanisms of such systems. Given this, and by considering the advan-
tageous effect of particle packing that ﬂy ash may potentially provide
when acting as a low-eCO2 ﬁller, then it is possible that a more sustain-
able system may be developed whilst maintaining its mechanical and
microstructural properties.2. Materials and methods
The materials used in this study are shown in Table 1. Particle size
distribution was determined using a Malvern Mastersizer 2000 laser
diffraction equipment. Anhydrite (ANH), plaster (PL) and ﬂue gas
desulphurization gypsum (FGDG) were used as the calcium sulfate
sources in the CSAC system.
The ye'elimite content in the CSAC clinker was found to be 71% and
the belite content was 15%, although no calcium sulfate was detected.
To conﬁrm the sulfate type in FGDG, PL, and ANH, TG analysis (20 °C to
300 °C at a rate of 10 °C/min) was conducted and mass losses of 5.43%
and 5.16% respectively were obtained in the range of 135–137 °C. No
mass loss was observed in ANH.
In order to assess the hydration processes of the systems, cement
pastes were prepared at a w/c ratio of 0.5 and cured in a 20 °C water-
curing tank until age of testing. TG and XRD analyses were performed
after 1, 3, 7 and 28curing days and SEM images of the pastes cured for
28 days were obtained, assuming that this period was adequate for
allowing full formation of all hydration products. Acetone was used to
arrest the hydration of the cements.
Setting times of the pastes were determined in accordance to BS EN
196-3:1995 [19]. Heat of hydration was determined using a Wexham
development JAF conduction calorimeter. Mortar samples were pre-
pared to assess the mechanical properties and dimensional changes of
the combinations. The compressive strength was conducted in accor-
dance to BS EN 196-1:1995 [20] and the dimensional changes were
monitored on air-curedmortar samples stored in conditioning chamber
(maintained 20°C, 65% RH) at 1, 7, 28 and 90days of age.
For the development of appropriate CSAC/calcium sulfate combina-
tions, the following criteria were taken into consideration:
• Achievement of a cement strength class equivalent (or higher) to that
of a 42,5N (or R) conventional cement as deﬁned in BS EN 197-1:2000
[21]
• A calcium sulfate content lower than the value which creates dimen-
sional instability. This was achieved experimentally by monitoring
the dimensional change of CSAC/calcium sulfate cement pastes at in-
creasing calcium sulfate contents.
• Aminimumcontent of calcium sulfate in the system to ensure ettringite
formation and avoid monosulfoaluminate formation by using stoichio-
metric approach.article density
kg/m3)
Mean diameter size
(μm)
Particle size
distribution (μm)
d10 d90
790 25.3 2.2 64.8
290 34.5 2.4 81.6
520 47.4 8.7 119.2
600 27.5 3.2 86.2
950 24.5 2.3 42.1
Table 2
Mix proportions and compressive strength development of combinations used.
Cement/combination Notation CSAC FGDG PL ANH FA Compressive strength N/mm2 at day
1 3 7 28 90
CSAC 100 – – – – 36.2 43.7 57.4 76.1 72.2
CSAC/FGDG FGDG1 35 65 – – – 6.8 8.1 9.4 16.3 10.2
FGDG2 50 50 – – – 14.3 18.1 19.9 32.3 30.7
FGDG3 65 35 – – – 24.0 31.8 37.6 42.7 46.9
FGDG4 80 20 – – – 28.2 36.6 45.9 61.0 62.1
CSAC/ANH ANH1 35 – – 65 – 4.2 6.3 9.1 11.6 11.5
ANH2 50 – – 50 – 11.9 21.9 25.8 43.3 47.1
ANH3 65 – – 35 – 22.9 29.0 39.5 46.0 49.7
ANH4 80 – – 20 – 31.9 39.4 50.0 67.1 67.2
CSAC/PLa PL1/2/3 80/65/50 – 20/35/50 – – – – – – –
CSAC/ANH/FA GAF5 61 – – 34 5 29.3 37.8 39.7 51.1 51.2
GAF10 58 – – 32 10 30.8 36.2 39.2 49.6 49.4
GAF15 55 – – 30 15 31.5 35.1 38.9 48.8 48.2
a The preparation and study of CSAC/PL-based mortars in certain techniques was not possible because of the rapid setting that occurred.
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sulfate sources on the mechanical properties and dimensional stability
of the system, combinations were prepared at varying calcium sulfate
contents, i.e. CSAC/calcium sulfate: 100/0, 80/20; 65/35; 50/50; and
35/65 as shown in Table 2.
For the development and selection of appropriate CSAC/anhydrite/
FA combinations (denoted as GAF in Table 2), FA was introduced
at contents of 5%, 10% and 15% by mass of total combination, whilst
maintaining the CSAC/anhydrite ratio that satisﬁed all the criteria previ-
ously stated. The particular percentage range of FA was selected based
on determining approximately theminimum amount of Ca(OH)2 likely
to be formed from belite hydration so as to promote pozzolanic
reaction.
To establish the minimum calcium sulfate content for sufﬁcient
ettringite formation, a stoichiometric approach was used. For complete
ettringite formation in both cases, the molecular mass ratios of calcium
sulfate to ye'elimite needed to be considered based on Eqs. 1 and 2. The
ratios were determined as 290/607= 0.477 and 272/607= 0.448 for
hemihydrate and anhydrite, respectively. Based on the chemical com-
position of the as-received high-strength CSAC, the pure ye'elimite con-
tent was 71% and no calcium sulfate was added and/or interground in
advance during manufacturing. It was assumed that the full amounts
of added calcium sulfate reacted solely with ye'elimite, therefore, the
minimum calcium sulfate content required to promote ettringite for-
mation and avoid monosulfoaluminate formation was calculated as
0.477×0.71≈34% for the hemihydrate and 0.448×0.71≈32% for the
anhydrite, respectively. The two contents were then considered as theFig. 1. Dimensional changes of CSAC/ANH combinations at varying ANH contents.limits for deﬁning chemically stable CSAC/ANH and CSAC/hemihydrate
combinations.3. Results and discussion
3.1. Dimensional stability
Dimensional changes of CSAC/ANH and CSAC/FGDGmortars at vary-
ing contents of calcium sulfate are shown in Figs. 1 and 2, respectively.
Due to rapid setting that occurred in CSAC/PL combinations, preparation
and tests were not possible. It can be seen that at calcium sulfate con-
tents below 50%, both FGDG and ANH-based formulations exhibited
similar and almost dimensionally neutral patterns at early ages. These
were followed by a slight shrinkage on the region of 5–10×10−4 on
the 28th day, reaching themaximum values on the 90th day.When cal-
cium sulfate contents reached above 50%, expansion occurred to both
combinations with severe cracks forming at a sulfate content of 65%
which is a characteristic of ettringite's instability when ye'elimite is
introduced in exceedingly high sulfate concentrations. Based on these
results, the value of 50% was considered as the maximum content
when selecting stable CSAC/calcium sulfate combinations. Shrinkage
patterns of CSAC/FGDG were less than those observed CSAC/ANH at a
given proportion, with a difference ranging from approximately 50 to
180×10−4 strains. This was because, for the two calcium sulfate types
to yield the same molecular weight of ettringite upon their reaction
with ye'elimite, the hemihydrate content requirement was higherFig. 2. Dimensional changes of CSAC/FGDG combinations at varying FGDG contents.
Fig. 3. 28-day strength of CSAC/FGDG and CSAC/ANH at varying calcium sulfate content
and limits of stability.
Fig. 5. dTG curves andmass losses in 65%CSAC/35%FGDG obtained at 1, 3, 7 and 28days of
hydration.
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day of examination, slight shrinkage was observed for both CSAC/ANH
and CSAC/FGDG samples at calcium sulfate contents less than 50%,
probably due to a small degree of ongoing water evaporation occurred
after complete ettringite formation.
3.2. Compressive strength development
Compressive strength development of water-cured CSAC/FGDG,
CSAC/ANH and GAF mortars at increasing calcium sulfate contents is
shown in Table 2.
For the CSAC/calcium sulfate combinations the results show that,
regardless of the calcium sulfate type introduced, the compressive
strength values tend to decrease at increasing ANH or FGDG contents.
The highest strengths were observed in pure CSAC mortars. This is in
coherence with previous work [22] when considering 7-day and 28-
day values. During the ﬁrst 24h of hydration, the formation of ettringite
in the CSAC/calcium sulfate systems would be mainly responsible for
the systems' strength development as evidenced from TG, XRD and
SEM analyses in Figs. 4–11. In pure CSAC, where the ye'elimite content
is highest compared to all other formulations, the strength evolutionFig. 4. X-ray diffractograms of 65%CSAC/35%FGDG obtained at 1, 3, 7 and 28 days of
hydration.at very early ageswould be dependent on the formation of other hydra-
tion products, most probably C–A–H, Al(OH)3 and small amounts of
ettringite due to the absence of calcium sulfate. The effect of this possi-
ble set of hydration products on the strength development of pure CSACFig. 6. SEM image of 65%CSAC/35%FGDG obtained at 28 days (a and b).
Fig. 7. X-ray diffractograms of 65%CSAC/35%PL at 1, 3, 7 and 28 days of hydration.
Fig. 9. dTG curves of CSAC/ANH at 1, 3, 7 and 28 days of hydration.
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um sulfate systems. This is because, according to dTG curves in Figs. 5, 8
and 9, the ANH and FGDG in the CSAC/calcium sulfate systems did not
appear to be fully depleted from day 1 so as to give full amounts of
ettringite and provide high strengths — possibly due to low reactivity
of the calcium sulfate materials. Complete ettringite formation for
most of the systems did not seem to occur at least until the 7th day
and this may have caused the systems to exhibit lower 1-day strengths
than CSAC.
The use of both FGDG and ANH in CSAC at a proportion of 35% or 50%
by mass of the combination gave 28-day strength values meeting the
target 42,5N/R class (Fig. 3) and no strength loss was observed up toFig. 8. dTG curves of 65%CSAC/35%PL at 1, 3, 7 and 28 days of hydration.90days. Based on these results and by considering the chemical and di-
mensional criteria discussed in Section 1.1, the selected CSAC/calcium
sulfate combinationswere those containing 35% FGDGor ANH. This par-
ticular content was sufﬁcient to ensure complete ettringite formationFig. 10. SEM image of 65%CSAC/35%ANH at 28 days of hydration (a and b).
Fig. 11. X-ray diffractograms of 65%CSAC/35%ANH at 1, 3, 7 and 28 days of hydration.
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tions. In addition, the content was such that did not appear to cause di-
mensional instability according to Fig. 3.
Compressive strength development of GAF combinations showed
that within a maintained CSAC/ANH ratio, the increase of FA at a 15%
content gave an increase in 28-day strengths of approximately 3–6MPa
compared to GAF5 and GAF10. Therefore the chosen GAF formulation
was the one consisting of 15% by mass of FA, 55% CSAC and 30% ANH as
it met the target strength class at maximum percentage of the addition.3.3. Hydration
The hydration processes of CSAC/FGDG, CSAC/PL, CSAC/ANH and
GAF15 mixes were investigated through TG, XRD and SEM analyses and
each system is discussed below.Fig. 12. dTG curves of GAF15 at 1, 3, 7 and 28 days of hydration.3.3.1. 65%CSAC/35%FGDG
X-ray diffractograms and dTG curves of the stable CSAC/FGDG sys-
tem are shown in Figs. 4 and 5, respectively. SEM images of 28-day sam-
ple are shown in Fig. 6a and b. Based on the diffractograms, the main
hydration product was ettringite, and unreacted ye'elimite, gypsum,
and gehlenite peaks were also detected. Ettringite corresponding XRD
peaks and dTG curves occurred from the ﬁrst 24 h of hydration. SEM
images showed a homogeneous microstructure with rich amounts of
needles within a pore. The prismatic needles had a thickness of approx-
imately 0.5–2 μm and a length ranging from 60 to 100μm.
Based on the TG analysis, the correspondingweight loss at 115–135°C
and the mass loss were progressively increasing towards the 7th day. At
slightly higher temperatures (150–157 °C), an additional mass loss
was observed, which was assigned to the amounts of gypsum formed
in the combination [14]. At 28days, however, overlapping occurred be-
tween corresponding decomposition temperatures of ettringite and
gypsum.
In temperatures between 265 °C–272 °C, alumina hydrates were
detected by TG analysis with a mass loss progressively increasing with
time (4.25–5.46%). This phase was not detectable by XRD analysis due
to its non-crystalline structure.3.3.2. 65%CSAC/35%PL
X-ray diffractograms and dTG images of CSAC/PL are shown in Figs. 7
and 8, respectively. Hydration products were found to be identical to
those of CSAC/FGDG at all ages of examination, namely ettringite, gyp-
sum, unreacted ye'elimite and gehlenite. On the ﬁrst day of hydration,
gypsum amounts were excess and a dTGmass loss of this peak reaching
almost 6% was observed. Onwards the 28th of hydration, the gypsum
amounts were reduced and only a broad peak between gypsum and
ettringite was detected. This occurred due to overlapping between the
two phases, showing a combined mass loss of the two products. Conse-
quently, the mass loss recorded could not be quantitatively ascribed to
ettringite mass loss. The Al(OH)3 had an increasing dTG mass loss
reaching up to almost 6.6%, which was comparable to the pattern ob-
served in 65%CSAC/35%FGDG.
3.3.3. 65%CSAC/35%ANH
Hydration of CSAC/ANH as determined through TG, SEM and XRD is
shown in Figs. 9,10a–b and 11, respectively. XRD results showed that
the crystalline products of 65%CSAC/35%ANH were equivalent to those
of the other two calcium sulfate-based systems, i.e. ettringite, unreacted
ye'elimite and gehlenite. Ettringite peaks as shown in Fig. 11 became
progressively stronger as with the other systems, reaching a maximum
on the 28th day of hydration. In this system, no overlapping occurred
between dTG gypsum peaks and ettringite peaks, as calcium sulfate
was provided solely in the formof anhydrite. Consequently, no hemihy-
drate dTG peaks were available and therefore quantitative dTG mass
losses were entirely ascribed to the amount of ettringite. Towards the
28th day, ettringite mass loss was increasing from approximately 13%
to approximately 21.5%. An increase in mass loss of Al(OH)3 was ob-
served (almost 1% increase) on the 28th day compared to day 1.
SEM images (Fig. 10a–b) showed rich amounts of prismatic ettringite
needles within a pore, and no signiﬁcant difference in morphology and
mineralogy was observed compared to 65%CSAC/35%FGDG images.
3.3.4. GAF15 (55%CSAC/30%ANH/15%FA)
dTG curves at 1, 3, 7 and 28days and SEM images at 28days for GAF15
are shown in Figs. 12 and 13–b, respectively. X-ray diffractograms at 1, 3,
7 and 28days of hydration are shown in Fig. 14.
According to the results, ettringite was formed from the ﬁrst day of
hydration, with a 4.2% increase in mass loss when reached the 28th
day. In particular, the patterns obtained in dTG analysis were similar as
in 65%CSAC/35%ANH combination. Crystalline products detected from
XRDwere ettringite, unreacted ye'elimite, anhydrite and someadditional
peaks were attributed to the presence of quartz and mullite from the
Fig. 13. SEM image of GAF15 at 28 days of hydration (a and b).
Fig. 14. X-ray diffractograms of GAF15 at 1, 3, 7 and 28 days of hydration.
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mation of small amounts of stratlingite may probably be a result of a re-
action between hydrated belite and aluminate-based phases. The XRD
peaks of anhydrite were less intense compared to the other systems as
the anhydrite was added in lesser amounts in the system (15% calcium
sulfate instead of 35% as in the other combinations). Al(OH)3 amounts
were comparable to the other combinations, having a dTG mass loss in
the range of 5–6.6% throughout the period of examination.
SEM images of GAF15 in Fig. 14a andb showed a dense, homogeneous
microstructure consisting of rich amounts of prismatic ettringite needles
with unreacted FA particles. The microstructure observed showed a syn-
ergistic effect between FA and ettringite. The observed FA particles were
immobilized and appeared to be ﬁrmly wedged into spaces in-between
the formed sulfoaluminate phases, denoting that an effective void ﬁlling
had occurred.
By comparing XRD patterns of CSAC/FGDG, CSAC/PL, CSAC/ANH and
GAF15 it can be seen that common hydration products detected were
ettringite and unreacted ye'elimite although Al(OH)3 could not be de-
tected due to its non-crystalline structure. Gypsum was detected at
CSAC/FGDF and CSAC/PL, whereas anhydrite was detected in GAF15
and CSAC/ANH. Ettringite XRD peaks were more intense in CSAC/ANH
and GAF15 than in CSAC/PL and CSAC/FGDG, particularly at an angle
of 26.5°, probably due to the overlapping peak of anhydrite. In the
GAF15, quartz and mullite were additionally detected due to the FA
incorporated in the combination.3.4. Isothermal conduction calorimetry
Heat patterns and accumulated output rates of CSAC/ANH, GAF15
and CSAC/FGDG systems are shown in Fig. 15. Measurements of heat
of hydration for the CSAC/PL could not be obtained as the combination
suffered from rapid setting and no time was given for preparation of
the sample.
GAF15heat pattern showed an initial shoulder peak occurring in less
than 2h, followed by amaximumheat rate between the 5th and the 6th
hour. Peaks were associated with the depletion of calcium sulfate and
the formation of sulfoaluminate and aluminate hydrates. Output peak
rateswere higher in GAF15 combination. CSAC/ANH showed a heat pat-
tern similar to that of GAF15 but with lower maxima and equivalent
peaks delayed at approximately 2 h compared with GAF15. Both the
combinations showed the same tendency of exhibiting an initial shoul-
der followed by a heat peak maximum. In CSAC/FGDG, only one mainFig. 15. Heat patterns and accumulated heat output rates of CSAC/FGDG, CSAC/ANH, and
GAF15.
82 S. Ioannou et al. / Cement and Concrete Research 56 (2014) 75–83peakwas detected 2 and 4h earlier than those of GAF15 and CSAC/ANH,
respectively. This reﬂected the tendency of hemihydrate to accelerate
the formation of both sulfate hydrate and sulfoaluminate hydrate
phases simultaneously. The particular peakwas attributed to the forma-
tion of gypsum and ettringite, both having occurred at the same period.
A smooth curve was also observed after a period of dormancy, having a
maximum heat output rate of less than 2W/kg at 17h, probably due to
the precipitation of further sulfoaluminate and aluminate-based phases.3.5. Initial and ﬁnal setting times
Comparison of the initial andﬁnal setting times between all examined
cements is shown in Fig. 16.
Generally, the initial setting of almost all cements/combinations
occurred at the beginning of their accelerating heat pattern period and
ﬁnal setting times occurred before the corresponding heat output max-
ima. In all CSAC/calcium sulfate combinations regardless of the presence
of FA, setting times were shorter than those of a typical Portland
cement-based combination, mainly because of the high water demand
during ettringite formation. It is known that 32 molecules of water
are attracted on the ettringite skeletal structure according to the
phase chemical composition. In contrast, the C–S–H is associated
with fewer molecules regardless of its stoichiometric variations.
Main factors inﬂuencing the water adsorption rate in ettringite are
mainly the morphology, the crystalline structure, the phase size
(larger than C–S–H) and the interlocking effect between the com-
pounds. Comparing the behaviour of CSAC/FGDG to that of typical
CEM I systems, the results suggest that setting timeswould not normally
raise concerns in construction processes when considering transporta-
tion and casting. By comparing, however the setting behaviours of the
CSAC/FGDG and CSAC/PL systems (i.e. two CSAC/hemihydrate systems),
it can be seen that there is a notable difference in the initial and ﬁnal sets.
This may be attributed to the reactivity and solubility of the two mate-
rials which might have been affected by the presence of moisture from
the production process and/or any impurities present [14].
The incorporation of FA in the CSAC/ANH combination (i.e. the
GAF15) caused a reduction on the ﬁnal setting time – approximately
40min –whilst no effect on initial setting times occurred. The explana-
tion for these results lies on the calorimetric curves and the cumulative
heats of the two combinations (Fig. 15). It can be seen that the initial
shoulder peak in GAF15 was higher and occurred faster than that of
CSAC/ANH. This reﬂected an earlier consumption of calcium sulfate
and formation of the hydrates. Consequently a higher water demand
caused ﬁnal sets to reduce in GAF15. Moreover, cumulative heats ofFig. 16. Initial and ﬁnal setting times of the investigated cements.GAF15 were still higher than those of CSAC/ANH, regardless of the fact
that ettringite amounts were lesser in GAF15 (a TG mass loss approxi-
mately 2.5% lower than that of CSAC/ANH), due to the reduced CSAC
and anhydrite contents in the combination.
The incorporation of PL in CSAC had the most considerable effect on
setting times. Values were unacceptably short and during the mixing
process, rapid setting occurred without allowing anymargin for sample
preparation, compaction and ﬁnishing. The ﬁnal setting time was taken
as less than 5min. As evidenced, most of the techniques adopted for in-
vestigation of the cements could not be conducted for this particular
combination. This may likely reﬂect the particular hemihydrate's im-
practical use and it may probably raise concerns when considering ap-
plications. Such behaviour would most probably be associated with
the substantially high reactivity of calcium sulfate hemihydrate, there-
fore plaster-based CSAC combinations may not constitute the most ap-
propriate solution for use in construction unless admixtures that retard
the setting times and prolong the fresh semi-plastic state of the paste
are introduced.
CSAC/FGDG setting times were higher than those of CSAC/ANH and
GAF15 probably due to the variability of the commercial product, in
combination with the presence of impurities that ultimately affected
its reactivity.
4. Conclusions
Given the need for the utilization of alternative cementitious systems
to reduce the environmental impact associated with Portland cement
manufacture, alternative cementitious systems of lower eCO2, when
optimally proportioned and based on calcium sulfoaluminate–calcium
sulfate-ﬂy ash, may potentially offer environmental beneﬁts. The fol-
lowing conclusions are made according to the results of this paper:
• Theuse of FA in CSAC in the presence of anhydrite promoted an earlier
formation of a strong ettringite-richmatrix, ﬁrmly accommodating FA
particles with earlier ﬁnal sets. Both the FA particles and the formed
hydrated phases appeared to synergistically contribute to a densemi-
crostructure. Accumulated heat outputs and early strengths reached
higher values than those of the pure CSAC/ANH and CSAC/FGDG com-
binations.
• The incorporation of anhydrite in the CSAC appeared to be more me-
chanically beneﬁcial than that of hemihydrate form. No signiﬁcant
differences were found in the mineralogy and morphology of the hy-
dration products at different introduced forms of calcium sulfate at
35% by mass. In the hemihydrate-based systems, gypsum formation
occurred at very early hydration stages and this was detectable by
TG and XRD. Al(OH)3 quantities were comparable at all CSAC/calcium
sulfate systems as shown by TG. The use of hemihydrate (FGDG)
was found to accelerate the formation of phases, based on the heat
patterns.
• The incorporation of hemihydrate in CSAC caused unacceptably short
setting times of the CSAC/PL combination without allowing a time
margin for sample preparation in most techniques. This may render
the use of hemihydrate impractical within CSAC/calcium sulfate sys-
tems and it may raise concerns when considering applications. Such
behaviour is associated with the substantially high reactivity and
solubility of hemihydrate compared to that of anhydrite. Therefore,
plaster-based CSAC combinations may not be regarded as the most
appropriate solution for certain applications unless admixtures that
retard the setting times are introduced. The most advantageous
form of calcium sulfate for the CSAC system appeared to be the anhy-
drite form.
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